ABSTRACT Condition monitoring (CM) of insulated-gate bipolar transistor (IGBT) modules is significant for improving power converter reliability and reducing the loss caused by IGBT failure. In this paper, we present an advanced method to evaluate the aging condition of an IGBT based on the changes of thermal characteristics in the module, which can be described by the junction and case temperatures. The variation of the case temperature distribution is used to monitor the solder fatigue. The estimated level of solder fatigue is used to update the parameters in the electrical-thermal model. Then, the junction temperature can be accurately estimated by the updated electrical-thermal model. The difference between junction temperatures estimated from the updated model and temperature-sensitive electrical parameter (TSEP) is utilized to monitor the aging of bond wires. The proposed CM method permits both of health level evaluation and accurate junction temperature estimation of IGBT in real time to prevent catastrophic failure caused by defective modules. The experimental results on a commercialized IGBT product have validated the feasibility of the proposed method.
I. INTRODUCTION
With the superior performance of high switching frequency, low conduction loss, and high over-current capacity, insulated gate bipolar transistor (IGBT) modules are widely employed in safety-critical power drive systems like electric vehicles (EVs) [1] - [3] , aircraft [4] , wind turbines [5] and industrial power drives [6] . However, owing to the variable power load and control input, IGBT modules are subjected to additional stresses, which may lead to different extent of thermo-mechanical fatigue/failure and further deterioration in the electric properties, increasing leakage currents and decreasing safe operation areas. According to some studies, 31% of power electronic conversion system breakdowns can be attributed to power devices failure. Consequently, health management of IGBT modules has become an important issue in power electronic applications from the point of view of reliability.
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The two main failure types in IGBT modules are bond wire aging and solder fatigue through power cycling. To address these two major degradation mechanisms, many studies have developed different strategies, such as material and semiconductor technologies [7] , [8] , package architectures [9] and interconnections [10] , advanced control strategy [11] and cooling technologies [12] . However, failures of power devices are still observed in different reliability improvements, which can indicate that redundancy may not be a perfect solution in safety critical and mission critical applications. Then a stronger demand for higher reliability on IGBT modules exists. Analytical methods like X-ray and scanning acoustics microscopy analysis are proposed to observe the degradation level of IGBTs. But these methods are costly, destructive, offline and not able to reveal dynamic condition changes in the system.
To address the aforementioned issues, condition monitoring (CM) was developed to identify incipient faults in the IGBT modules and then take corrective actions before catastrophic failures occur. This easily implemented method is cost effective, nondestructive, and requires little knowledge on the internal IGBT structure [13] . Furthermore, this method can adapt the degradation model under varying operating conditions. Existing CM techniques or approaches may be divided into the following two categories: electrical-based approaches and the thermal-based approaches.
Electrical-based approaches to performing CM rely on the characteristics of electrical parameters, which change with the aging process of an IGBT module. These approaches are promising for CM because they employ the device itself as a monitoring sensor with high accuracy and a fast response time. The common electrical parameters that can be identified as fault precursors for bond wire-related or solder-related faults consist of the on-state collector-emitter voltage (V CE−ON ), collector current (I C ), gate-emitter voltage (V GE ), gate-emitter threshold voltage (V TH ), inverter harmonic current, electrical resistance and switch turn-ON (T on ) and turn-OFF (T off ) times [14] - [20] . These parameters show significant sensitivity to the bond wire aging or the solder fatigue and are thereby appropriate fault precursors for the aging conditions of IGBT modules. Nevertheless, many challenges exist in electrical-based online implementation, like complexity of measurement circuitry, alteration to the converter structure and compensation of operating conditions. Thermal-based approaches have been developed to monitor the aging process of IGBT modules in terms of the thermal behavior characteristics inside the modules. The major aging mechanisms in IGBT modules have two thermal consequences: the bond wire aging increases V CE−ON and, therefore, increase the power loss and heat generation in the IGBT module; the solder fatigue prevents the heat propagation inside the IGBT module, leading to a change in the temperature distribution. For monitoring the bond wire aging, the degradation method through the case temperature (T C ) of IGBT modules has been proposed in [21] : the aging of bond wires was monitored by the rise of V CE−ON that was calculated through the power loss estimated by the case temperatures. Unfortunately, the estimation of the increased V CE−ON has to be performed under steady state conditions to exclude the offsets due to various operating conditions, making this method conservative. For monitoring the solder fatigue, a method of detecting the change of case-to-ambient temperatures has been proposed in [22] : a lookup table providing the power loss information in a healthy IGBT module was incorporated for comparison with the actual power loss calculated from the case and ambient temperatures, which enabled the estimation of solder fatigue under various operating conditions. In these studies, the thermal transient within IGBT modules was assumed to be much faster than the working point varying. This assumption may limit the use of the method in applications, like wind power and electric traction systems, where the environmental and operating conditions may change faster than the duration required for IGBT chips to reach their steady-state temperatures.
According to the discussions above, an online mechanism to monitor the aging of IGBT module under normal working conditions remains challenging and important to improve the reliability of power electronic systems. This paper proposes a novel method that attempts to make use of two types of CM approaches by combining the knowledge of the behavioral characteristics of the electrical parameters and the information observed from the thermal dynamics to improve the monitoring performance. The following three aspects of the work are demonstrated: (a) the aging of bond wires can be indicated by the difference between the junction temperatures estimated through the electrical-thermal model and temperature-sensitive electrical parameter (TSEP); (b) the solder fatigue can be monitored in real time by detecting the change of the case temperature distribution, i.e., the nonuniformity of the temperature distribution at the IGBT's baseplate; and (c) the solder fatigue can lead to biases in the junction temperature estimated from the electrical-thermal model and this influence can be removed to guarantee both the accuracy of the junction temperature and the bond wire aging monitoring. Compared with traditional CM methods, this method accurately monitors the bond wire aging and the solder fatigue in IGBT modules simultaneously under normal working conditions and has the advantage of easy online implementation.
The remainder of this paper is organized as follows. Section II and III are about the bond wire aging and solder fatigue respectively, including the mechanisms and the corresponding parameters for monitoring. In Section IV, the interaction between these two monitoring process and the method for identifying each one in mixed aging in IGBT modules is proposed. In Section V, the feasibility of this series of methods is verified through experimental results. 
II. BOND WIRE AGING AND MONITORING PARAMETERS A. MECHANISM OF BOND WIRE AGING
The structure of a typical IGBT module, as depicted in Fig. 1 , is composed of several layers made of different materials. Each layer has its own coefficient of thermal expansion (CTE). In the module, by thick parallel aluminum bond wires, semiconductor chips are bridged to direct bond copper (DBC) substrate, which means metal conductors soldered to an insulating dielectric layer.
Temperature swings and the difference between CTEs of Si and Al could induce thermomechanical shear stress on the bond wire/chip interface, which is the main cause of bond wire aging. When the range of temperature swing is T s , the total strain ε tot on the interface between the silicon chip and its bonded aluminum wires can be described as follows:
where α Al and α Si are the CTEs of aluminum and silicon, respectively, and L is the wire contact length. According to ( (1)), considering the large difference between CTEs of the silicon chips and their bonded aluminum wires, and the high temperature swing T due to power cycling, the total strain ε tot at the interface can be large enough to result in a plastic region. Unlike elastic strain, plastic strain does not disappear even if the mechanical stress is withdrawn. The temperature swings can continually impact the IGBT module, leading to an accumulated plastic strain. Eventually, cracks appear at the edge of the interface and then propagate from both ends to the center along the small grain boundaries of the bond wires. A bond wire can lift off or demonstrate heel cracking when the cracks reach the center.
B. MONITORING OF BOND WIRE AGING
The aging process of an IGBT module occurs slowly. During the aging process of bond wires, the resistance of the electrical connection rises, resulting in an increase of V CE−ON . Hence, V CE−ON can be utilized to characterize the aging level of bond wires. However, V CE−ON also changes with collector current and junction temperature, limiting the uses under different operating conditions of IGBT modules. An advanced condition monitoring strategy that removes the biases of V CE−ON caused by the currents and temperatures is reported in [23] . This proposed monitoring strategy is feasible in both static and dynamic conditions. In static conditions, the current is constant, and the temperature variation of heatsink is considered equal to that of junction and used to compensate the offsets of V CE−ON . However, in most situations, those two temperature variations are not equal, thus an inaccurate compensation can cause a misestimate of the bond wire aging level. In dynamic conditions, V CE−ON is measured at the intersection point between negative thermal coefficient (NTC) and positive thermal coefficient (PTC) regions, where the value of V CE−ON is independent of the temperature variations. This indicates that a reference voltage has to be first measured under a fixed working current, making this method conservative.
According to the analysis described above, using V CE−ON as a indicator of bond wire aging has many challenges in accuracy and implementation. However, V CE−ON is indeed a temperature-sensitive electrical parameter (TSEP), which can be used to estimate junction temperature T j . As described above, the aging of bond wires leads to an increase of electrical resistance and, thereby, a rise of V CE−ON , which ultimately leads to an overestimate of T j . That means the T j overestimated through V CE−ON can be a indicator of bond wire aging. Consequently, there is a temperature difference T between T j estimated from V CE−ON and the actual T j . It has been suggested that T depends on bond wire aging and can therefore indicate the aging level of bond wires. Since bond wire fatigue happens upon the power chip and has no influence on the downward heat transfer paths in the IGBT module, as shown in Fig. 2 , the actual T j can be estimated through the electrical equivalent Foster model [24] , [25] . The values of T can be calculated as follows:
where T j(V CE ) denotes the junction temperature determined from V CE−ON , and T j(model) denotes the actual junction temperature obtained from the Foster model. During IGBT module operation, varying collector currents I C have the same influence on T j(V CE ) and T j(model) ; therefore, the variations of T j(V CE ) due to current changes can be canceled out by the variations of T j(model) . Thus, the value of T only depends on the aging of bond wires. V CE−ON monotonically increases in the aging process of bond wires, leading to a more serious overestimation of T j using V CE−ON ; this indicates that T also rises in step with the aging process of bond wires. Therefore, the T in (2) can be used to evaluate the bond wire aging in progress. Compared with the method in [23] , the proposed method has advantages in accuracy and can be applied to various operating conditions.
III. SOLDER FATIGUE AND MONITORING PARAMETERS A. SOLDER FATIGUE MECHANISM
Solder fatigue is another dominant failure mechanism in IGBT modules. There are two solder layers, the chip solder layer and the substrate solder layer, as shown in Fig. 2 . Compared to the chip solder layer, the substrate solder layer is more critically subject to fatigue. Due to the CTEs mismatch under temperature variation, thermo-mechanical stresses are applied upon the solder layers and cause degradation on the interface, such as cracks and/or voids. These cracks or voids decrease the effective heat transfer routes from the chip, increasing the thermal impedance Z jc . Consequently, the junction temperature of power semiconductor device would increase and could accelerate other failure types, such as bond wire fatigue. Furthermore, the rise of junction temperature could further induce hot spots and thermal runaway in the affected regions of the module. These coupling mechanisms intensify the IGBT module degradation.
B. MONITORING OF SOLDER FATIGUE
The cracks or voids inside the solder layer can increase Z jc and inhibit the heat outflow, then increase the junction temperature and finally change the case temperature. The case temperature can be directly measured, unlike the junction temperature inside the IGBT module. Therefore, the variation VOLUME 7, 2019 in case temperature is an appropriate thermal parameter for monitoring the solder layer aging of IGBT in practical applications. The rise of case-above-ambient-temperature and the relationship between two case-to-ambient thermal resistances have been applied for real-time solder fatigue monitoring in [21] , [22] . However, the ambient temperature can be easily affected by other heat sources so the accuracy of that method may not be guaranteed. Considering this, a new parameter for monitoring the solder fatigue which is unaffected by the ambient heat sources, is proposed and will be described in detail.
As depicted in Fig. 2 , in an IGBT module, the heat is generated on the top surface of a chip, and transfers down through several layers to the bottom surface of the baseplate. Compared with the chip, the baseplate is much larger and features a wider temperature distribution. Since most heat transfers along the optimal path, i.e., in the vertical direction, the temperature detected in the central area of the baseplate is much higher than that in the edge area. Consequently, the case temperature distribution on the bottom surface of the baseplate is nonuniform. Due to the effect of thermo-mechanical stress, cracks always start from the edge of the solder layer and then propagate from both ends to the center. These cracks can cut some routes for heat conduction. And the heat can only transfer through the undamaged regions to the baseplate, making a concentrated heat flux, as depicted in Fig. 3 . As a result, in the central area of the baseplate the temperature rises steadily and in the edge area the temperature drops, intensifying the nonuniformity of the case temperature distribution on the baseplate. This indicates that the variation in the nonuniformity of temperature distribution on the baseplate is sensitive to the solder aging level. Therefore, the solder fatigue can be detected by monitoring this variation.
The nonuniformity of the temperature distribution can be characterized by the temperature gradient. The temperatures in two positions that are sensitive to the solder fatigue are selected to calculate the gradient as shown in Fig. 3 . The first is T C−chip and it is sensitive to the concentrated heat flow. The second is T C−side and it is sensitive to the cracks in the edge of the solder layer. Thus, the value of temperature gradient T can be defined as follows:
where d denotes the distance between the two points.
The value of T can characterize the impact of solder fatigue on the nonuniformity of the case temperature distribution. With the aging of solder layer, T C−chip rises due to the concentration of the heat flow and T C−side drops for its position beyond the main heat transfer paths. Considering other heat sources, not very close to the baseplate, their influences on T C−chip and T C−side cancel out in T. Thus, T increases monotonically through solder aging and it is a good sign of the aging levels. Additionally, the parameter should be normalized under the scale of power loss in corresponding operating condition. And the expression of T can be modified into T (P) that can be expressed as follows:
where P denotes the power loss of the IGBT module.
Compared with the methods presented in [21] , [22] , the parameter T (P) in ( (4)) only depends on the case temperature of IGBT. And the influences from other heat sources are naturally eliminated. This parameter can be used under different operating conditions with other heat sources, and easily measured by a pair of thermal sensors between the baseplate and heatsink. So this method is accurate, economic and easy to implement.
IV. MONITORING OF MIXED AGING
When an IGBT module undergoes multiple aging processes, both the values of T and T (P) may change over time. The aging level of bond wires has no effect on the heat conduction inside the IGBT module and therefore has no effect on the temperature distribution of the baseplate; thus, the solder fatigue can still be monitored by T (P) . However, the solder fatigue can affect the estimation of bond wire aging. The thermal impedance Z jc in the Foster model rises because of the cracks in solder fatigue, which further causes an underestimate of T j(model) . Thus, the value of T in ( (2)) is increased because of the solder fatigue, not the bond wire aging. Thus, the effect of solder fatigue on T needs to be removed to accurately evaluate the aging level of bond wires. The parameters of the Foster model consist of the thermal resistance R i and thermal capacitance C i , as shown in Fig. 4 . To improve the accuracy of T j estimate, the parameters should be updated and corrected. The correction method of the Foster model, based on the linear thermal behavior in IGBTs, has been described in detail in [26] , [27] . Compared with R i , the impact of solder fatigue on C i is negligible and can be ignored. The thermal resistance R i can be corrected as follows:
where R i(aged) denotes the aged thermal resistance due to solder fatigue, and Z jc(aged) denotes the aged thermal impedance. In equation (5), all the variables except Z jc(aged) are known. Thus, the correction of the parameter R i(aged) only depends on the value of Z jc(aged) . Since T (P) in (4) only changes with the solder aging process and is independent of the operating conditions of the IGBT module, the relationships between T (P) and Z jc(aged) can be easily characterized. For example, such relationships can be obtained by recording the evolutions of T (P) and Z jc(aged) in a look-up table under offline solder aging tests in certain operating conditions. Then, according to T (P) , the values of Z jc(aged) can be obtained immediately in various operating conditions of the IGBT module, even if a mixed aging occurs.
By using (5), the parameters of the Foster model are adapted to the solder fatigue, and the real value of T j can be obtained from the corrected Foster model as T j(model) . Thus, the influence of solder fatigue on T is removed. The remaining temperature difference T is attributed to the bond wire fatigue. Then the aging condition of bond wires can be evaluated by the method presented in Section II-B.
V. IMPLEMENTATION OF THE PROPOSED METHOD
The implementation of the proposed CM method consists of the following three blocks: a bond wire aging block, a solder aging block and a mixed aging block. The bond wire aging block is used to monitor the aging condition of bond wires using the parameter T . During the normal operation of the IGBT module, by measuring V CE−ON and I C , T j(V CE ) can be easily obtained from the look-up table of T j(V CE ) -V CE−ON -I C , which describes the relationship between T j(V CE ) and V CE−ON under various collector currents. Meanwhile, the updating T j(model) is obtained from the mixed aging block. By substituting the results of T j(V CE ) and T j(model) into (2), the value of T is acquired and used to evaluate the aging condition of bond wires.
The solder aging block is used to detect the aging condition of solder. It can be easily implemented through continuous measurement the case temperature distribution by placing two thermal sensors on the bottom surface of the baseplate, as shown in Fig. 5 . The original state of IGBT solder is characterized by the initial value of T (P) . Through the solder aging process, T (P) is updated by (4) and compared with its initial value continuously. Then the aging level of IGBT solder can be quantified by he changes in T (P) . Furthermore, T (P) is provided to the mixed aging block to update the Foster model.
Considering the multiple aging processes in IGBT, the mixed aging block is used to prevent the effect on bond wire aging estimation caused by solder fatigue, correct the parameters in the Foster model, estimate T j(model) as the accurate T j , and guarantee the monitoring accuracy of bond wire aging. With T (P) obtained from the solder aging block, Z jc(aged) can be obtained and the parameter R i(aged) in the Foster model can be corrected using (5) . The correction may be conducted several times to minimize the measurement uncertainty. Then, T j(model) is calculated using the updated Foster model with the measured case temperature and estimated power loss. Thus, the accuracy of T j(model) estimated by the Foster model is improved. Therefore, the influence of solder fatigue on T has been removed, and the bond wire aging can be accurately evaluated using T . The entire flowchart of the proposed CM method is presented in Fig. 6 .
VI. EXPERIMENTAL VALIDATION
The effectiveness of the condition monitoring method was comfirmed through an experimental study. The schematic of the experimental setup is illustrated in Fig. 7 . The actual instruments, displayed as Fig. 8 , include a commercial IGBT module (SKM300GB128D) made by SEMIKRON (the silica gel on the upper surface was intentionally removed), an infrared (IR) camera to obtain the upper surface temperature of the module, a recorder with an sampling circuit to obtain V CE−ON , a signal generator with its peripheral circuits VOLUME 7, 2019 to drive the IGBT module, a DC power supplier, an aluminum heatsink to cool the module down, and a National Instruments (NI) data acquisition instrument to obtain the case temperatures using precise fine wire thermocouples.
The experimental design was implemented as follows to remove the effects of disturbances in various operating conditions: (1) the IGBT module was cooled by a forced-air system; (2) an independent gate driver maintained the IGBT in the operation state; and (3) the test time was 20 min to ensure that the temperature inside the module can reach a steady state. The feasibility of the CM method proposed previously for bond wire aging and solder fatigue was confirmed.
A. CONDITION MONITORING OF BOND WIRE AGING
In this section, the effectiveness of the CM method for bond wire aging is validated. The proposed method is based on the temperature difference T , which comes from the temperatures estimated through the Foster model and V CE−ON . The Foster model is an equivalent circuit model, and its parameters are fitted based on the transient thermal impedance Z jc (t), which can be easily acquired by finite element analysis (FEA). According to the work in [24] , [25] , the parameters of the Foster model were obtained, as listed in TABLE 1.
For the junction temperature estimated from V CE−ON , a preliminary calibration is necessary and the goal is to obtain the dependence of the temperature on V CE−ON for an IGBT under given operating current conditions. The calibration process was introduced in [28] so the specific procedure is not presented in this paper. After the calibration, the relationship between T j(V CE ) and V CE−ON under various currents can be found in a look-up table based on the work in [28] , as presented in Fig. 9 .
The performance of T in a healthy IGBT module under various operating conditions is displayed. A DC current that varied between 5A and 30A with an interval of 5 min flowed through the IGBT module, and the junction temperature T j estimated from the Foster model and V CE−ON was obtained, as shown in Fig. 10 . It can be seen that the estimate of T j from the Foster model accurately tracks that from V CE−ON in both the heating and cooling regimes. This suggests that the values of T j(V CE ) and T j(model) are consistent. So when the IGBT module is healthy without bond wire aging, the values of T are independent of various operating conditions and always zero.
The effectiveness of T in monitoring the aging process of bond wires is validated. In order to compare and verify the experimental results conveniently, shearing off bond wires was adopted to simulate the bond wire fatigue. One intact IGBT module and three degraded ones were under test with different value of bond wire defects. One to three bond wires were sheared off in the three degraded IGBT modules. As analyzed in Section II-B, the parameter T depends only on the aging condition of bond wires and is not influenced by the operating conditions; therefore, the four IGBT modules were tested under different collector currents to prove the previous theoretical analysis. (2), the values of the four IGBT modules' T were acquired, as presented in Fig. 11 . Then two facts can be found. Firstly, T rises with increasing number of lifted bond wires n. The values of T increased from 0 • C to 40 • C when the lifted bond wire number increased from 0 to 3. Secondly, T of one given IGBT module remains constant under different test currents. For example, in the IGBT module with two bond wires lifted off, T remained approximately 10 • C. This demonstrates that T only depends on the bond wire aging, while it is independent of the operating current condition. Therefore, T can be used to evaluate the aging state of bond wires under the normal operation of the IGBT module.
B. CONDITION MONITORING OF SOLDER FATIGUE
The availability of T (P) as an indicator of solder fatigue is validated in this section. The accelerated power cycling test for IGBT modules is complex and time consuming [28] , [29] , the state of cracks in the IGBT module solder was simulated by a hollow thermal pad between the baseplate and the heatsink [22] , as shown in Fig. 12.   FIGURE 12 . IGBT module test.
FIGURE 13. Performance of T (P) under various operating conditions.
The solid part of the pad represented the cracks in solder and the hollow part was full of thermal grease to represent the uncracked area in solder. The size of the void was set according to the studied extent of solder aging. Thus, the conditions of solder aging can be represented by the following four aging scenarios: 1) healthy condition without solder fatigue; 2) low level aging substrate solder with 20% area cracked; 3) medium level aging substrate solder with 40% area cracked; and 4) high level aging substrate solder with 60% area cracked. An intact IGBT module can be set to any scenario with a configurable thermal pad aforementioned.
Firstly, the experimental values of T (P) under various operating conditions is shown. Four working currents from 20 A to 50 A with a step of 10 A were generated to flow through a healthy IGBT module. The two case temperatures T C−chip and T C−side , the reference of junction temperature T j from the IR camera and the value of V CE−ON were recorded under these operation conditions. The corresponding power losses of the IGBT module under these can be calculated according to the work in [22] , [23] . With the case temperatures and the power losses, T (P) were calculated using (2) . As presented in Fig. 13 , it can be seen that T (P) is almost constant versus the collector current, demonstrating that T (P) is independent of the working conditions. Secondly, to show the variation of T (P) during the development of IGBT solder aging, a DC current of 30 A flowed through the IGBT modules in the four scenarios mentioned above, respectively. And the parameter of T C−chip , T C−side and T j were measured and is listed in It is evident that with the expansion of cracks (solid area of the thermal pad) from none to 60% area of the solder, T (P) increases monotonically from 8.7 to 12.3, nearly 41%. The value of T (P) is sensitive to the area of solder cracks but insensitive to the variation of operating currents. Thus, T (P) can be used to estimate the extent of solder layer aging by characterizing the change in the nonuniformity of the case temperature distribution.
C. CONDITION MONITORING OF MIXED AGING
In this section, the feasibility of the proposed method in monitoring the mixed aging in the IGBT module is illustrated. Understandably, the bond wire aging makes no difference to the heat transfer routes, i.e., to the temperature distribution on the baseplate. The solder fatigue can be monitored by T (P) without considering the bond wire aging. However, the cracks caused by the solder fatigue are equivalent to an increase of Z jc in (5). It causes a misestimate of T j through the use of the Foster model with the parameter Z jc . As a result, in the mixed aging conditions, T calculated from (2) is susceptible to both the aging of bond wires, which affects T j(V CE ) , and the solder fatigue, which affects T j(model) . Before T is merely used to monitor the bond wires aging, the influence of solder fatigue must be removed. Therefore, the parameters in Foster model should be updated, and through which the accuracy of estimated T j can be improved.
The main work in this section is to correct the parameters of the Foster model to adapt them to the solder aging condition. First, the values of the junction temperature T j estimated from the original Foster model and measured by the IR camera are compared to display how the solder aging affect the estimation by the Foster model. A DC current flowed through a continuously switching IGBT module in scenario 4 described in Section VI-B. The current rose to 30 A. After the temperature T j was stable the current dropped to 0 A. When T j was stable again, a cycle was completed. The swings of the temperature T j during 4 cycles, obtained by the Foster model and the IR camera, are shown in Fig. 15 .
The differences between the two curves are greater than 4 • C most of the time, and the maximum reaches 11 • C. Obviously, these differences can make T j(model) in (2) much lower than the real T j . If these lower T j(model) are substituted into (2), T (P) must be overestimated and the errors of T j estimate, meaning solder fatigue, will go into the estimation of the bond wires aging. Therefore, the original parameters in the Foster model should be updated with the solder aging process to improve the accuracy of estimated T j .
As described in Section IV, the correction of the parameters in the Foster model depends on the value of Z jc(aged) , which was obtained from the look-up table of T (P) versus Z jc (aged) . According to the experimental results in Section VI-B, four couples of corresponding T (P) and Z jc(aged) are listed in Under the aforementioned experimental conditions, the junction temperatures T j estimated from the updated Foster model and measured from the IR camera are compared in Fig. 16 . It can be seen that T j(model) tracks the measured T j accurately, with a maximum error of 1.8 %. The error between the T j estimate and the IR camera measurement is approximately 1.2 • C throughout the process. The error can be attributed to several factors. Firstly, the IR camera measurement represents the upper surface temperature of the IGBT, whereas T j obtained from the thermal model represents the temperature of the intrinsic body region inside the IGBT. Secondly, the bond wires on the top of the chip hinder the IR camera in measuring the maximum temperature through the shading effect. Therefore, the estimated temperature is lower than the measured temperature. As a result, T j(model) can be treated as the real junction temperature T j .
These analyses demonstrate that the updated Foster model is competent in estimating T j accurately. Thus, the influence of solder fatigue on T can be removed. So the temperature difference T in (2) is only attributed to the bond wires aging and can be used to evaluate that. The accuracy of bond wire aging monitoring is guaranteed by the solder fatigue monitoring and the mixed aging monitoring.
VII. CONCLUSION
A new CM strategy was proposed in this paper to evaluate the IGBT module aging state. The two types of aging, bond wires aging and solder fatigue, and their effects on two kinds of junction temperature estimation under different operating conditions are entirely considered. In this method, the solder fatigue, which has negative effect on the accuracy of the temperature estimate from the electrical-thermal model, can be monitored by detecting the change in the temperature gradient on the IGBT baseplate. The effect can be directly removed. Then the junction temperature can be estimated accurately through updated electrical-thermal model. The bond wire aging can be indicated by the difference between junction temperatures estimated from the continuously updated electrical-thermal model and temperaturesensitive electrical parameter (TSEP). The effectiveness of this method is validated by the experimental results. Using this method, the more comprehensive state of health of the IGBT module can be evaluated, and the module can be replaced in time before catastrophic failures occur. This study will aid in the development of CM methods and improve the reliability of the power converters in the future. He is currently a Lecturer with the College of Automation and College of Artificial Intelligence, Nanjing University of Posts and Telecommunications, Nanjing, China. His main research interests include condition monitoring for power electronics, power semiconductor module thermal modeling, and electromagnetic compatibility in power electronics systems.
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